Two different types of three pairs of coupled lines (TPCL) structures with bandpass and all-stop filtering (ASF) characteristics, respectively, are proposed and analyzed through impedance matrix deduction and input admittance calculation. Combined with the stepped-impedance stubs, high-selectivity single-ended and balanced filters using TPCL structures have been presented. Five transmission poles (TPs) within the passband and six deep transmission zeros (TZs) from 0 to 2f 0 (f 0 : passband center frequency) can be realized in both of single-ended and balanced filters. For demonstration, two sharp roll-off singleended and balanced filter prototypes with good in-band characteristics (insertion losses and return losses) and high common-mode suppression are designed, whose measured 3-dB fractional bandwidths are of 35% and 34.4% (differential mode), respectively. Good agreement between the simulations and measurements validates the design concept.
I. INTRODUCTION
Since bandpass filters (BPFs) with sharp roll-off skirts, good in-band characteristics and out-of-band rejections are in tremendous need for the use of modern wireless communication systems, plenty of filter design methods and techniques have been explored. The stub-loaded technique and coupledline structure are widely used in the design of single-ended BPFs [1] - [10] . In [1] , some shorted stubs are loaded on the bandstop filter for the introduction of transmission zeros (TZs) to form a bandpass filtering response separated from its upper harmonic by an ultra-wide stopband. In [2] and [3] , three pairs of coupled lines are connected each other without additional stubs for the design of single-ended narrowband and wideband BPFs, respectively, with multiple transmission poles (TPs) and TZs. Also, the loaded stubs and coupled lines can be simultaneously employed to design sharp roll-off BPFs [4] - [6] . In [4] , a dual-band BPF prototype using threesection coupled lines and three shorted stubs is designed.
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Additionally, a high selectivity ring resonator BPF loaded with open stubs and shorted coupled lines is presented in [5] .
Compared with the single-ended BPFs, the balanced counterparts benefit from their high common-mode (CM) suppression with lower electromagnetic interference in wireless communication systems [11] . Some planar balanced BPFs with different design methods and topologies have been presented in recent years [12] - [16] . For instance, in [12] , a wideband balanced BPF using multilayer microstripslotline transition structure and microstrip line resonators is proposed with compact size and low insertion loss. Additionally, several high-selectivity wideband or multiband balanced filters are introduced by employing various stubs [13] , [14] .
In our previous work [17] , a sharp roll-off single-ended BPF constructed by three pairs of coupled lines and two shorted stepped-impedance stubs with multiple TPs and TZs was proposed. Nevertheless, there was no detailed analysis of the basic structure of three pairs of coupled lines (TPCL) and design of the shorted stepped-impedance stubs. In this paper, as for the proposed single-ended BPF, the locations of TPs and TZs are calculated through the impedance matrix VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ deduction and input admittance calculation. In addition, the bandwidth and roll-off skirts of the BPF can be flexibly tuned by the coupling coefficient of the coupled lines and characteristic impedances of the shorted stepped-impedance stubs, respectively. Then, based on the single-ended BPF structure, a balanced BPF circuit with high-selectivity differential-mode (DM) filtering characteristic and high CM suppression is presented. Figure 1 shows two different types of TPCLs, where the first TPCL structure in Figure 1 (a) has the characteristics of BPF and the second one in Figure 1 (b) has all-stop filtering (ASF) characteristics. They can be employed as the main prototype to design a high-performance balanced filter.
II. SINGLE-ENDED BPF USING THREE PAIRS OF COUPLED LINES AND STEPPED-IMPEDANCE STUBS
The TPCL structure has two pairs of symmetric quarterwavelength open coupled lines (electrical length θ , even/oddmode characteristic impedance Z 0e1 , Z 0o1 ) at two sides, and a pair of quarter-wavelength coupled lines (even/odd-mode characteristic impedance Z 0e2 , Z 0o2 , shorted for BPF and open for ASF) in the middle.
A. ANALYSIS OF THE TPCL STRUCTURE
The impedance matrix deduction method can be used to calculate scattering parameters of TPCL structure and locations of TZs. The middle pairs of coupled lines as two-port networks (matrices [Z ] b and [Z ] c for Figure 1 
Similarly, the condition of I 7 = I 8 = 0 will be satisfied for [Z ] c , and the overall impedance matrix [Z ] of the whole two-port ideal circuit in Figure 1 (b) can be also calculated. Subsequently, after the conversion between impedance matrix [Z ] (or [Z ] ) and S-parameters, the S 11 and S 21 of the proposed BPF (or ASF) circuit can be obtained by
where the entries in impedance matrix [Z ] # denote those in [Z ] for BPF circuit or [Z ] for ASF circuit. For illustration purpose, Figure 2 depicts the S-parameters through theoretical MATLAB calculations of the BPF and ASF circuits, where the electrical length θ is equal to 90 • . The characteristics of the BPF circuit including bandwidth and TZ positions can be changed by tuning the coupling coefficients k 1 and k 2 as seen in Figure 2 
As k 1 increases, the bandwidth of BPF will be broadened but at the expense of the worsened return loss. As k 2 increases, the roll-off skirts of the BPF will be improved but at the expense of the worsened out-of-band rejection level. On the other hand, the stopband rejection of ASF circuit will be worsened as k 1 or k 2 increases, which can be seen in Figure 2 (c) and (d). Therefore, the prototype needs to be improved for the design of balance BPF with high performance, which will be presented below. 
B. PROPOSED SINGLE-ENDED BPF
In Figure 3 , based on the TPCL structure, two symmetric shorted stepped-impedance stubs (electrical lengths 2θ and θ, characteristic impedances Z 2 and Z 1 ) are shunted to the input and output ports, respectively, which can improve the frequency selectivity and bandwidth of the BPF by yielding additional TZs and TPs. The input impedance of the shorted stepped-impedance stub Z stub can be calculated as Therefore, the overall ABCD matrix of the proposed singleended BPF can be obtained by
where the ABCD matrix of TPCL structure M 1 can be obtained from the conversion of the impedance matrix [Z ] , and the ABCD matrix of stub M stub can be expressed by
After the conversion between ABCD -and S-parameters, the S 11 and S 21 of the proposed single-ended BPF can be obtained by
For demonstration, Figure 4 shows comparisons between the calculation results using MATLAB and simulation results using Keysight ADS of the proposed single-ended BPF ideal circuit, which are completely coincident. Compared to the initial TPCL structure, two additional out-of-band TZs and in-band TPs are generated by the symmetric shorted steppedimpedance stubs, resulting in the improvement of the filtering characteristics. Through calculation by setting S 21 = 0, six finite TZs (f tz1 , f tz2 , f tz3 , f tz4 , f tz5 , and f tz6 ) in the stopband at the frequency VOLUME 8, 2020 range from 0 to 2f 0 (f 0 : center frequency of interest) can be obtained, seen as follows
Owing to the symmetry structure, the proposed singleended BPF circuit can also be analyzed via odd-and evenmode method. Since there are no real parts of the odd-and even-mode input admittances through derivation, all the resonant frequencies (i.e., TPs) can be obtained by solving the 
following equation, which also means resonant conditions, Im(Y ino ) = 0 and Im(Y ine ) = 0
where Y ino and Y ine are the input admittances of odd-mode and even-mode, respectively. The solutions calculated by (9) are the odd-mode resonant frequencies (f o1 , f o2 , f o3 ) and even mode resonant frequencies (f e1 , f e2 ) within the passband. Figure 5 (a) depicts the corresponding electrical length responses. It can be seen that the distributions of these resonant frequencies agree well with the TPs shown in Figure 4 . Besides, the second odd-mode resonant frequency f o2 is the interested center frequency of the BPF. Figure 5(b) illustrates the ideal circuit model of the proposed BPF under weak coupling, whose corresponding |S 21 | frequency responses are indicated in Figure 5 (c). Although different capacitive coupling values are adopted, the five resonant modes always exist, validating that there are five roots for the above equation (9) which are corresponding to the five resonant frequencies in Figure 5 (a). By setting fixed parameters such as characteristic impedance Z 0 = 50 and electrical length θ = 90, the distributions of the TZs and frequency selectivity can be tuned by changing the four other variables Z 1 , Z 2 , k 1 and k 2 . Figure 6 depicts the movement of the two TZs f tz2 and f tz5 as the variations of k 1 and k 2 , while the other four TZs f tz1 , f tz3 , f tz4 and f tz6 are still unchanged. For the variation of 3-dB fractional bandwidth ( f ) shown in Figure 6 (a), when k 1 increases, f will be broadened, but at the expense of the worsened stopband rejection. On the other hand, it remains fixed as the variations of k 2 , Z 1 and Z 2 , which can be also verified in Figure 7 . To improve the roll-off skirts, two TZs at the edges of passband f tz3 and f tz4 can be adjusted by tuning Z 1 and Z 2 as shown in Figure 7 (c) and (d), which are in coincidence with the aforementioned equation (8) .
The filter example is designed on a substrate with relative permittivity of ε r = 2.65 and thickness of h = 1 mm for verification, whose center frequency is set as f 0 = 2 GHz. Figure 8 depicts the layout of the proposed singleended filter and its fabricated photograph. In addition, the S-parameters and group delays comparisons between measurement and HFSS simulation are plotted in Figure 9 . Seen from Figure 9 , the measured 3-dB f is about 35% (1.72∼2.41 GHz). Within the passband, the measured insertion loss (IL) is smaller than 1 dB, while the return loss (RL) is greater than 20 dB. Moreover, the suppression levels of over 31.5 dB and 23.5 dB have been achieved at lower stopband (0∼1.64 GHz) and upper stopband (2.51∼5.82 GHz), respectively. Table 1 illustrates the performance comparisons of the proposed single-ended BPF with some reported works, and it shows that the study has realized better IL and RL within the passband.
III. BALANCED BPF
In this section, a balanced BPF without grounded vias based on TPCL structure is designed, as shown in Figure 10 , Z 0o1 = 108 , Z 0e2 = 135 , Z 0o2 = 122 and θ = 90 • . For the DM operation, the horizontal symmetry plane can be seen as a perfect electric wall, therefore, the DM equivalent circuit is illustrated in Figure 10(b) , which is the same as the above single-ended BPF shown in Figure 3 .
While for CM operation, the symmetry plane is just seen as a perfect magnetic wall, and the corresponding CM equivalent circuit is shown in Figure 10 impedance stubs (electrical lengths 2θ, θ and 2θ , characteristic impedances Z 2 , Z 1 and Z 3 ) are connected to the input and output ports, respectively. In addition to the two microstrips with characteristic impedances of Z 2 and Z 1 , a third microstrip line with characteristic impedance of Z 3 is shunt along with the symmetry plane to further improve the CM suppression, without any impact on the DM performance. Figure 11 illustrates the frequency responses of CM equivalent circuit versus Z 3 . As the value of Z 3 decreases, both of the 3 rd and 5 th TZs gradually move toward the center frequency f 0 , thereby improving CM suppression slightly.
For demonstration, an example of the proposed balanced BPF is also designed on the same above-mentioned substrate, whose center frequency is at 2.1 GHz. The layout with physical dimensions of this balanced filter and its photograph are shown in Figure 12 . Figure 13 illustrates the measured DM and CM S-parameters along with the full-wave simulations for comparisons. For the DM of the balanced filter, the measured 3-dB bandwidth is 34.4% (1.76∼2.49 GHz), with the measured insertion losses are less than 1.0 dB and return losses are better than 18 dB. Furthermore, seven TZs below 2f 0 are observed at 0, 1.27, 1.5, 1.62, 2.65, 3.19, 4.19 GHz. Owing to the help of these TZs, the suppression levels of over 33 dB and 15 dB have been achieved at lower stopband (0∼1.65 GHz) and upper stopband (2.53∼6 GHz), respectively. In addition, the concerned BPF characteristics also include transition band roll-off rate (ξ ROR ), where ξ ROR is defined as
Therefore, both of the measured lower and upper transition band roll-off rates are about 213 dB/GHz, which shows the high-selectivity of our presented balanced filter.
As for the CM response, three transmission zeros (f tz3 , f tz4 , f tz5 ) as shown in Figure 11 are allocated to suppress the measured CM rejection within the differential-mode passband from 1.76 to 2.49 GHz up to 27 dB. Moreover, these transmission zeros are located at 1.18, 1.72, and 2.97 GHz, which improve the CM suppression up to 25.5dB from 1.17 to 2.99 GHz. Note that the measured CM suppression at the center frequency of 2.1 GHz is over 36 dB. The slight discrepancy between the simulated and measured frequency responses may be caused by the fabrication and measurement errors. Table 2 tabulates the performance comparisons with some other reported balanced BPFs, which can be seen that more TZs are realized for the DM passband on relatively compact size.
IV. CONCLUSION
A compact fifth-order single-ended BPF has been presented with the detailed analysis and calculation procedure. Multiple TZs are introduced, two of which are at the passband edges to achieve sharp roll-off rate, and the others at lower and upper stopbands are used to improve the stopband performance. The measured results agree well with the simulations, validating the design idea. Furthermore, a balanced BPF is proposed based on the single-ended one, whose measurements have low DM insertion losses and high CM suppression level within the passband. It can be expected that these BPFs are attractive for applications in the modern wireless communication systems. 
